There has been a great deal of interest in understanding the properties of quantum chromodynamics (QCD) for a finite value of the chemical potential and for finite temperature. Studies have been made of the restoration of chiral symmetry in matter and at finite temperature. The phenomenon of deconfinement is also of great interest, with studies of the temperature dependence of the confining interaction reported recently. In the present work we study the change of the properties of light mesons as the temperature is increased. For this study we make use of a Nambu-Jona-Lasinio (NJL) model that has been generalized to include a covariant model of confinement. The parameters of the confining interaction are made temperature-dependent to take into account what has been learned in lattice simulations of QCD at finite temperature. The constituent quark masses are calculated at finite temperature using the NJL model. A novel feature of our work is the introduction of a temperature dependence of the NJL interaction parameters.
I. INTRODUCTION
In recent years we have studied a generalized version of the Nambu-Jona-Lasinio (NJL) model which includes a covariant model of Lorentz-vector confinement [1] [2] [3] [4] [5] . Extensive applications have been made in the study of light mesons, with particularly satisfactory results for the properties of the η(547), η ′ (958) and their radial excitations [6] . Since the modifications of the confining potential at finite temperature have recently been obtained in lattice simulations of QCD [7] [8] [9] [10] [11] [12] (see Fig. 1 ), we became interested in introducing that feature in our generalized NJL model, whose Lagrangian is The dependence of the constituent masses of the NJL model upon the density of nuclear matter has been studied in earlier work, where we also studied the deconfinement of light mesons with increasing matter density [13] . In that work we introduced some density dependence of the coupling constants of the model. However, that was not done in a systematic fashion. As we will see, in our study of the temperature dependence of the constituent masses, as well as in the calculation of temperature-dependent hadron masses, we introduce a temperature dependence of the coupling constants, which for T = T c , represents a 17% reduction of the magnitude of these constants. While one might expect that the coupling constants of the effective theory might vary with temperature, we have not attempted to provide a theoretical basis for the introduction of such temperature dependence. Therefore, our model is of phenomenological character in this regard.
The organization of our work is as follows. In Section II we review our treatment of confinement in our generalized NJL model and describe the modification we introduce to specify the temperature dependence of our confining interaction. In Section III we discuss the calculation of the temperature dependence of the constituent masses of the up, down and strange quarks. In Section IV we describe how random-phase-approximation (RPA) calculations may be made to obtain the wave function amplitudes and masses of the light mesons. (We consider the properties of the π, K, f 0 , a 0 and K * 0 mesons and their radial excitations in this work.) In Section V we provide the results of our calculations of the meson spectra at finite temperature. Finally, Section VI contains some further discussion and conclusions.
II. COVARIANT LORENTZ-VECTOR MODEL OF CONFINEMENT
We have published a number of papers in which we have described our model of confinement [1] [2] [3] [4] [5] [6] . In this work we provide a review of the important features of the model.
As a first step, we introduce a vertex function for the confining interaction. [See Fig. 2.] For example, the vertex useful in the study of pseudoscalar mesons satisfies an equation of the form [6] 
where
Here, m a and m b are the constituent quark masses. We consider the form V C (r) = κr exp[−µr] and obtain the Fourier transform 2) which is used in Eq. (2.1). Note that the matrix form of the confining interaction is
, since we are using Lorentz-vector confinement. The form of the potential may be made covariant by introducing the four-vectorŝ
We then define
2) in the meson rest frame, where P = 0.
It is also useful to define scalar functions Γ +− 5,ab (P, k) and Γ −+ 5,ab (P, k) [6] . We introduce where
, and define
and
We have obtained equations for Γ The confinement vertex functions defined in our work may be used to calculate vacuum polarization functions which are real functions. The unitarity cut, that would otherwise be present, is eliminated by the vertex functions which vanish when both the quark and antiquark go on mass shell [1] [2] [3] [4] [5] [6] .
We have presented Eq. (2.10), since we wish to stress that for the study of light mesons the constituent quark mass, m, is of the order of | k|, so that | k|/m is not small. Therefore, the term in the square bracket on the right-hand side of Eq. (2.10), which would be equal to −1 in the nonrelativistic limit, provides quite important relativistic corrections to the form given in Eq. (2.5).
In field. For example, we may define
which we may term the "large" and "small" components of the wave function of the bound state with energy P 0 i . In Fig. 3b we show the equation for the vertex function that includes both the effects of the short-range NJL interaction and the confining interaction. We will return to a consideration of the equations obtained in an analysis of Fig. 3b in Section IV where we consider the RPA equations of our model.
In order to motivate our treatment of the temperature dependence of the confining interaction, we have presented some results obtained with dynamical quarks (filled symbols)
in Fig. 1 . The fact that the potential becomes (approximately) constant for r > 1 fm is ascribed to "string breaking" in the presence of dynamical quarks. (Note that, upon string breaking, the force between the infinitely massive quark and antiquark vanishes.)
For our calculations we have used µ = 0.010 GeV and κ = 0.055 GeV 2 in the past. In order to introduce temperature dependence in our model, we replace 
We note that V max is finite at T = T c , a result that is in general accord with what is found in lattice calculations of the interquark potential for massive quarks.
III. CALCULATION OF CONSTITUENT QUARK MASSES AT FINITE TEM-PERATURE
In an earlier work we carried out a Euclidean-space calculation of the up, down, and strange constituent quark masses taking into account the 't Hooft interaction and our confining interaction [14] . The 't Hooft interaction plays only a minor role in the coupling of the equations for the constituent masses. If we neglect the confining interaction and the 't [15] . Here, we put µ = 0 and write where Λ = 0.631 GeV is a cutoff for the momentum integral, β = 1/T and
In our calculations we replace G by G S (T )/2 and solve the equation we use Klevansky's notation [15] . (The value of G S of Eq. (1.1) is twice the value of G used in
Ref. [15] ).
IV. RANDOM PHASE APPROXIMATION CALCULATIONS FOR MESON MASSES AT FINITE TEMPERATURE
The analysis of the diagrams of Fig. 3b gives rise to a set of equations for various vertex functions. These equations are of the form of relativistic random-phase-approximation equations. The derivation of these equations for pseudoscalar mesons is given in Ref. In vacuum one has coupled equations for these wave functions.
where 3) and
In Eq. (4.4), G a 0 is the effective coupling constant for the a 0 mesons, which depends upon the values of G S , G D and the vacuum condensates. These relations for the various coupling
, etc. may be found in Ref. [16] . In Eq. (4.3) we have
Here, x = cosθ and P l (x) is a Legendre function. The terms exp[−k
are regulators with α = 0.605 GeV.
In order to solve these equations at finite temperature, we replace m u , G a 0 and µ 0 by m u (T ), G a 0 (T ) and µ(T ). The values of m(T ) are given in Fig. 5 , and we recall that
. In the RPA, the solutions of Eqs. 
V. RESULTS OF NUMERICAL CALCULATIONS OF MESON MASSES AT FINITE TEMPERATURE
As noted earlier, the RPA equations for the a 0 mesons are given in Ref. [4] and those for the π, K and η mesons are given in Ref. [6] . The equations needed in the study of the f 0 mesons are to be found in Ref. [5] , while the RPA equations for the study of the K * 0 mesons are to be found in the Appendix of Ref. [3] . In Figs. 6-10 we present our results for the π, K, a 0 , f 0 and K * 0 mesons. The values of the coupling constants used are given in the figure captions. The reduction of the number of bound states with increasing temperature can be understood by noting that for the π and a 0 mesons the continuum of the model lies above V max (T ) + 2m u (T ), while for the K and K * 0 mesons the continuum lies above V max (T ) + m u (T ) + m s (T ). The situation is more complex in the case of the f 0 mesons which contain both ss, uū and dd components. The bound states lie below the ss continuum which begins at V max (T ) + 2m s (T ). However, we note that the absence of bound states at T = T c for all the mesons considered here is due to the reduction of the value of the confining potential and of the constituent quark masses.
It is of interest to note that the mass values of the a 0 and f 0 mesons tend toward degeneracy with the pion as T → T c . However, the mesons disassociate before a greater degeneracy is achieved. That is in contrast to the results obtained in the SU(2) formalism considered by Hatsuda and Kunihiro [16] . Since these authors do not include a model of the confinement-deconfinement transition, they are able to see the approximate degeneracy of the sigma meson and the pion with increasing temperature. It is also worth noting that in the SU (3) completely restored at the higher temperatures in our model. However, the model does exhibit quite significant reductions of the up and down constituent quark masses for T T c (See Fig. 5 ), so that deconfinement is here associated with a significant restoration of chiral symmetry.
VI. DISCUSSION
In recent years we have seen extensive applications of the NJL model in the study of matter at high density [17] [18] [19] [20] [21] . There is great interest in the diquark condensates and color superconductivity predicted by the NJL model and closely related models that are based upon instanton dynamics. It is noted by workers in this field that the NJL model does not describe confinement, with the consequence that one can not present a proper description of the hadronic phase that exists at the smaller values of the temperature and density in the QCD phase diagram. Thus, the attitude adopted is that, if one works in the deconfined phase, the NJL model may provide a satisfactory description of the quark interaction. In the present work we have modified the NJL model so that we can describe light mesons and their radial excitations, as well as the confinement-deconfinement transition at T = T c . In an earlier work we studied the confinement-deconfinement transition for finite matter density at T = 0 [13] . (A more comprehensive study would include both finite temperature and finite density.) As in the present work, in which we introduced a temperature-dependent coupling constants, we used density-dependent coupling constants in Ref. [13] . If such dependence exists, it would have important consequences for the study of dense matter using the NJL model. One interesting feature of our results is that both the lowest a 0 and f 0 states move toward degeneracy with the pion as the temperature is increased. However, the system is deconfined before such degeneracy can be exhibited.
We stress that the restoration of chiral symmetry is intimately connected with the dissolution of our meson states at T = T c . As we saw in the discussion toward the end of Section V, the various mesons studied here still have bound states at T = T c , if only the temperature dependence of the confining field is included in the model.
The behavior of charmonium across the deconfinement transition has recently been studied using lattice simulations of QCD [22] . The authors of Ref. [22] point out that, unlike the case of light mesons, charmonia may exist as bound states even after the deconfinement T (G e V )
